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Solid supported membranesThe mechanical properties of biological membranes have become increasingly important not only from a
biophysical viewpoint but also as they play a substantial role in the information transfer in cells and tissues.
This minireview summarizes some of our recent understanding of the mechanical properties of artiﬁcial model
membranes with particular emphasis on membranes suspending an array of pores, so called pore-spanning
membranes. A theoretical description of the mechanical properties of these membranes might pave the way to
biophysically describe and understand the complex behavior of native biological membranes. This article is
part of a Special Issue entitled: Mechanobiology.
© 2015 Elsevier B.V. All rights reserved.1. Importance of mechanical properties of lipid membranes for
living cells
In recent years it has become clear that not only biochemical signal
transmission is the predominant route for cells to communicate but
that also changes in membrane's mechanical properties play a pivotal
role in information transfer in cells and tissues. In particular, bending
of membranes as well as tension in the membrane has been shown to
be involved in the cell's behavior such as cell motility or the develop-
ment and maintenance of its polarity [1]. Vesicle trafﬁcking is also
regulated by plasmamembrane tension.While exocytosis is stimulated
by high membrane tension [2], endocytosis, stimulated by low mem-
brane tension, increases it [3].
All these processes are coupled to an approximately 5 nm thick
sheet, the biological membrane, which is described by the ﬂuid mosaic
model composed of a continuous ﬂuid bilayer of lipids with different
amounts of attached and embedded proteins. As a consequence of its
ﬂuidity, membranes have a negligible shear modulus (6–9 pN/μm) [4].
However, they possess a high Young'smodulus (10MPa) and a variable
viscosity dependent on membrane composition, as well as a bending
stiffness, which is strongly inﬂuenced by membrane proteins and theobiology.
olecular Chemistry, University
ny. Tel.: +49 551 39 33294;underlying cytoskeleton [5]. Several membrane-conﬁned proteins
respond to or alter the mechanical properties of a membrane. Proteins
that respond to changes in lateral membrane tension are stretch-
activated mechanosensitive channels. A change in tension affects the
probability of channel opening. Proteins that sense or inducemembrane
curvature have particularly shaped domains such as the BAR domain
super family [6]. Proteins that link the plasma membrane to the
cytoskeleton are another class of proteins that directly inﬂuence the
mechanical properties of membranes [7]. To be able to elucidate indi-
vidual aspects of the mechanical properties of membranes, one can
either probe the entire cell or study the isolated membrane by making
use of plasma membrane sheets derived from cells or artiﬁcially
reconstituted membranes. The latter one has the advantage that the
system is physically and chemically much more deﬁned so that a theo-
retical framework can be established to extract meaningful physical
parameters.
2. Accessing membrane mechanical properties by using model
lipid bilayers
To better understand the mechanical properties of complex mem-
branes of living cells,model lipid bilayerswith deﬁned lipid compositions
are frequently used to reduce the complexity of the system. Several
modelmembrane systems have been introduced and applied tomechan-
ical studies, which will be brieﬂy introduced in this chapter.
Themodel systemmimicking the geometry of several cell structures
are spherical lipid membranes. Systems with more than one concentric
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unilamellar vesicles, which are trisected depending on their diameter:
small unilamellar vesicles (SUVs, d b 100 nm), large unilamellar vesicles
(LUVs, d = (100–500) nm) and giant unilamellar vesicles (GUVs,
d N 1000 nm) [8]. Due to easy access to large quantities of vesicles by
various techniques, they are used in various biophysical areas. The
systems' limitations, however, become obvious when scanning probe
techniques such as atomic force microscopy or other surface sensitive
methods are required to investigate themechanical properties of mem-
branes. The same holds true for freestanding membranes such as black
lipid membranes (BLMs). BLMs spanning a small aperture in a hydro-
phobic foil have the advantage that they are accessible on both sides.
However, they are mechanically very fragile and thus are not suited to
investigate the mechanics of membranes.
To provide membranes, which are stable and to which surface sensi-
tive methods can be applied, lipid bilayers on solid supports have been
developed. These membranes feature high mechanical stability which,
however, comes at the expense of a second aqueous compartment and
reduced lateralmobility of the lipidmolecules ((0.3–4) μm2/s [9,10] com-
pared to (13–20) μm2/s [11] for free standingmembranes). Various tech-
niques have been developed to generate solid supported membranes
(SSMs), which can be found in more detail in [12]. One major aspect of
SSMs is their decoupling from the substrate, which has been achieved
by tethering themembrane to the substrate using surfacemodifyingmol-
ecules featuring spacer moieties. A slightly different approach has been
undertaken by using ﬂexible polymer networks working as cushions to
prevent direct contact of the bilayer with the solid support [13].
Among these different model membrane systems, this minireview
will only give a short overview on the mechanical information that
can be gathered from investigating solid supported membranes and
giant unilamellar vesicles. The major part of the minireview will be
attributed to the mechanical properties of pore-spanning membranes.
All model membranes have in common that they are rather homoge-
neous and that they can be treated from a mesoscopic point of view, i.e.
classical continuum theories are applied. As such, we envision a thin
sheet composed of twouncoupledﬂuid lipidmonolayerswith a thickness
of about t=4–5 nm that can be deformed. If such amembrane is subject-
ed to areal strain it experiences a lateral tension σ:
σ ¼ σ0 þ KA A−A0A0 ; ð1Þ
with A0 the bilayer area at zero external stress, A the area of the mem-
brane under stress, KA the areal expansion modulus, and σ0 being the
pre-stress of the membrane. KA can be readily measured, for instance in
micropipette aspiration experiments and values are in the range of
0.1–1N/m [14]. These rather large values suggest that the bilayer is essen-
tially inextensible. Moreover, a lipid bilayer can typically only tolerate 4–
6% areal strain before rupture. According to thin plate theory the areal ex-
pansion modulus is a function of Young's modulus E, thickness t and
Poisson's ratio v [15]:
KA ¼ Et2 1−νð Þ≈Et: ð2Þ
When a membrane is bent, the outer monolayer is stretched, while
the inner one is compressed. Thus, in terms of thin plate theory bending
of a continuous sheet can be related to KA, with the bendingmodulus κ:
κ ¼ Et
3
12 1−ν2
 ≈ KAt2
12 1−ν2
  ð3Þ
dropping to κ≈ KAt
2
48 1−ν2ð Þ for ﬂuid lipid bilayers if one moves from a
single elastic sheet of thickness t to an uncoupled bilayer of the same
thickness, where free sliding of the two leaﬂets is allowed. κ is found
to be on the order of 10 kBT or 10−19–10−20 J reﬂecting the ability ofmembranes to exhibit thermally excited undulation due to the low
bending modulus. A controversy exists whether to assume that KA in-
creases with bilayer thickness according to thin plate theory (KA≈Et)
or being independent of bilayer thickness t (KA ¼ 4γ, with γ the surface
energy) [16]. Evidence accumulates that the latter interpretation is
more appropriate. Multiple experimental techniques have been
used to analyze the elastic properties of a membrane, i.e. stretching
and bending, such as X-ray diffraction [17], micropipette aspiration
[14,18], ﬂicker/ﬂuctuation spectroscopy [19–21], a combination of
dynamic light scattering and neutron spin echo experiments [22] and
atomic force microscopy [23].
2.1. Mechanics of giant unilamellar vesicles
One of the most widely used model membranes to study the
mechanical properties of lipid bilayers is a giant unilamellar vesicle
(GUV). GUVs can be prepared by various electroformation methods,
gentle hydration techniques as well as an inverted emulsion method
[24,25]. They have the advantage of being large enough to be manipu-
lated and imaged with conventional optical techniques. Moreover, the
lipid composition can be moderately adjusted, and in principle, even
asymmetric bilayers can be produced [26]. A number of different
methods have been applied to obtain information about the elastic
properties of these bilayers as outlined in a recent review of Dimova
[27]: (i) methods based on the analysis of thermal ﬂuctuations of the
membrane; (ii) techniques relying on measuring the force to actively
bend themembrane typically employingmicropipettes, optical tweezers,
electric or magnetic ﬁelds, force microscopes and light; and (iii) ap-
proaches based on scattering techniques. For more details about these
methods, the interested reader is referred to reference [27] and refer-
ences therein.
For bare vesicles, micropipette aspiration yields direct information
about the bendingmodulus and the area expansionmodulus of vesicles.
From these, the effective Young'smodulus E can be calculated according
to Eq. (2). If a protein layer is attached to the GUV either on the outside
[28] or on the inside [29], the mechanical properties of this composite
are, however, better determined by atomic forcemicroscopy (AFM), be-
cause this method enables local deformations of the membrane with
barely any structural damage to the protein layer. The compression of
a GUV is experimentally realized by adhering a GUV to a substrate and
then compress it with a tipless cantilever [29]. The results on GUVs
have shown that bending plays the dominant role at no or low external
strain through thermally excited undulations, while lateral dilatation
becomes increasingly important at large strain as it occurs in AFM or
micropipette aspiration experiments. This is mainly due to the fact
that the volume of the GUV is conserved so that the surface area
needs to be increased in response to deformation. Thereby, the elastic
response to compression or pressure difference in a micropipette is
governed by the lateral inextensibility of the lipid bilayer.
2.2. Mechanics of solid supported membranes in the ﬂuid state
Well-established model systems are lipid bilayers supported on a
solid material such as mica or silicon. They can be prepared by a combi-
nation of a Langmuir–Blodgett and Langmuir–Schäfer technique using a
Langmuir–Blodgett ﬁlm balance or more easily by spreading and fusing
unilamellar vesicles on a hydrophilic support. In combination with an
atomic force microscope, force spectroscopy experiments can be per-
formed, which have been developed over years as a tool to characterize
supported membranes in great detail. Approach curves provide infor-
mation about the breakthrough force of the supported membrane,
which is characterized by a discontinuity in the force–distance curve in-
dicative of the tip penetrating the bilayer. The breakthrough force is the
maximum force the membrane can withstand before breaking and can
contain information about the chemical composition of the membrane,
as well as its lipid packing and the surrounding environment. In the
2979A. Janshoff, C. Steinem / Biochimica et Biophysica Acta 1853 (2015) 2977–2983early reports on breakthrough events in lipid bilayers, these measure-
ments were only used to obtain an upper limit for the maximum set-
point force applied to the bilayer in order to obtain enhanced topo-
graphic resolution without damaging the substrate [30]. More recent
work has been focused on the precise, systematic measurement of
breakthrough forces on a variety of chemically distinct lipid bilayers to
obtain their nano-mechanical properties. In particular, these studies
have succeeded to relate the nano-mechanics of lipid bilayers with en-
vironmental parameters such as ionic strength of the aqueous phase
[31] or temperature [32], or the lipidmembrane itself, i.e. its cholesterol
content [33], and the impact of lipid phase separation [34]. Besides the
breakthrough force, a force–distance curve also contains information
about the breakthrough depth as well as the adhesion energy. These
parameters have been shown to be dependent on the lipid head group
and chain length [35]. From the slopes of pulsed force mode curves
before and after the breakthrough event, some information about the
membrane stiffness, i. e. the Young's modulus, can be gathered even
though one has to be aware of the fact that the underlying hard substrate
cannot be fully neglected, as themembrane is only 4–5 nm thick. Typical
Young's moduli were found to be in the range of 20 MPa. In some ex-
amples force mapping was used to create two dimensional adhesion
maps from a sequence of force curves [30,36]. To be able to handle the
enormous number of force–distance curves, which is required for high-
resolution force mapping, some batch analysis algorithms have been
developed [33,36].
A solid supported membrane, however, always has two distinct
sides, with one facing the aqueous phase, while the other one faces
the support. Owing to this direct contact of the membrane with the
solid support, an indentation rather than the elastic displacement of
the membrane is monitored. Thus, it appears to be more reasonable to
producemembranes on small holes in a solid substrate to be able to dis-
place it upon force application.2.3. Mechanics of pore-spanning membranes
2.3.1. Generation of pore-spanning membranes
Pore-spanning membranes combine the advantage of accessibility
from both sides of the membrane with the stability of solid-supported
membranes. Two generally different preparation techniques have
been developed to generate pore-spanning membranes, “painting”
lipids dissolved in organic solvent [37–40] or vesicle spreading to obtain
solvent-free lipid bilayers [41–45]. Dependent on the functionalization
strategy of the porous substrate, one can distinguish between hybrid
pore-spanning membranes, which rely on hydrophobic self-assembled
monolayers (SAMs) chemisorbed on gold-covered porous substrates
[46–49] and continuous lipid bilayers. In the latter case, hydrophilically
functionalized porous substrates are used (Fig. 1A), on which giant
unilamellar vesicles [41,50,51] or large unilamellar vesicles [43] are
spread to form planar pore-spanning bilayers (Fig. 1B). These bilayersFig. 1.A. Scanning electronmicrograph of a gold-coated silicon nitride substrate with a hexagon
Fluorescence micrograph of a membrane patch of a solvent-free continuous pore-spanning mem
surface. C. Force indentation curves obtained from the (i) pore-rim, from (ii) a DPhPC/tetradecan
composed of POPC on a pore array with pore radii of 600 nm. The red solid lines show results ofhave a symmetric lipid composition and ﬂoat on a thin aqueous layer
providing high lateral mobility of the lipids.
AFM indentation experiments turned out to be a versatile tool to
probe the elastic properties of pore-spanning membranes. Pore-
spanning membranes composed of 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) obtained by the painting technique on a
hydrophobically functionalized porous surface can be readily imaged
by AFM in contact mode with a load force of 300 pN (Fig. 1C, (ii)) [52].
The membranes can be unambiguously distinguished from
membrane-free pores. While the height proﬁle demonstrates that a
membrane suspending a single pore is indented only up to 70 nm, the
cantilever tip reaches a depth of about 400 nm in an uncovered pore. As
expected, pore size and tip geometry govern the maximal indentation
depth upon imaging.
The generation of continuous pore-spanning bilayers produced on
hydrophilic substrates by GUV spreading results in membrane patches
rather than fully covered surfaces (Fig. 1B). Thus, to performAFMexper-
iments, the membrane patch needs to be localized ﬁrst by ﬂuorescence
microscopy to allow for a position of the cantilever on the membrane-
covered region. A typical force indentation curve obtained from the
center of a pore for a solvent free continuous pore-spanningmembrane
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) is shown in Fig. 1C (iii) [50].
2.3.2. Theoretical considerations
To quantitatively analyze the elastic response of a pore-spanning
membrane upon indentation with a ﬁnite sized AFM tip, three major
contributions need to be taken into consideration: bending, stretching,
and pre-stress of the lipid bilayer subject to appropriate boundary con-
ditions. To evaluate how these mechanical properties contribute to the
overall elastic membrane response, analytical expressions for the load
force F as a function of indentation depth h have been derived.
2.3.2.1. Bending. To evaluate whether bending contributes to the overall
mechanical response of a pore-spanningmembrane, a point load force F
acting on a clamped membrane suspending a pore with radius Rpore is
assumed. The restoring force can be calculated from thin plate theory
providing linear relationship between F and the indentation depth h
assuming two uncoupled lipid leaﬂets [53]:
F ¼ 4πEt
3
3 1−v2ð ÞR2pore
h ¼ 64πκ
R2pore
h: ð4Þ
2.3.2.2. Lateral tension and pre-stress. Lateral tension and pre-stress arise
due to in-plane tension of the lipid bilayer and the fact that membrane
adheres to the non-porous part of the substrate. During indentation the
membrane can ﬂow across the substrate and the resistance to the ac-
companying area increase is due to the associated tension. By assumingal pore array. The surface has a porosity of 30% and the pores display a radius of 600 nm. B.
brane composed of POPC doped with TexasRed DHPE on a mercaptoethanol-functionalized
ethiol hybrid membrane and from (iii) a solvent-free continuous pore-spanning membrane
linear ﬁts to the data.
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signiﬁcant bending contribution to the overall mechanical membrane re-
sponse, one can derive an approximate analytical expression as described
by Bhatia and Nachbar [54] as well as Deserno and coworkers [55]:
h ¼ F
4πσ0
1− ln
FRtip
2πσ0R2pore
 !" #
; ð5Þ
with Rtip, the radius of the parabolic indenter. For the point load situation,
F is proportional to σ0h (see ﬁrst term of Eq. (8)).
2.3.2.3. Stretching. Stretching is described by membrane theory and is a
major contribution to the elastic response at larger indentation forces.
Taking Eq. (1) into account for tension as a function of areal dilatation,
we obtain from:
Hstretch ¼
Z
σ dA ð6Þ
an approximately cubic expression of the load force F on the indentation
depth h in the absence of pre-stress:
F ¼ g vð Þ Et
R2pore
h3; ð7Þ
with g(ν) being a numerical solution for all possible Poisson's ratios ν
[56]. Adding pre-stress to the membrane subject to a point load yields
approximately in [57,58]:
F ≅σ0πhþ g vð Þ Et
R2pore
h3: ð8Þ
2.3.3. Comparing theory and experiment
Taking the theoretical considerations about bending, stretching as
well as lateral tension and pre-stress into account, one can evaluate the
individual contributions upon deforming a pore-spanning membrane. It
is apparent from the force–indentation curves (Fig. 1C) that the elastic
response of a pore-spanning membrane is linear and does not follow a
cubic behavior as expected for membrane stretching (Eq. (7)). Thus,
one can safely conclude that stretching of themembrane does not signif-
icantly contribute to the mechanical response upon moderate deforma-
tion of the membrane. As lipid membranes are nearly incompressible,
recruitment of membrane material from a given reservoir, i.e. ﬂow of
lipid material from the pore rims, is favored rather than stretching of
themembrane. Only if the reservoir is limited or themembrane is pinned
to the pore rims, stretching becomes inevitable especially at larger strain.
As themechanical response of the pore-spanningmembrane turned
out to be linear as expected from Eq. (8) in the absence of stretching, we
deﬁned an apparent spring constant kapp:
kapp ¼ ∂F∂h
 
ρ¼0
: ð9Þ
For the force indentation curve on a hybrid membrane (Fig. 1C) kapp
was determined by linear regression to by (20.4 ± 0.2) · 10−3 N m−1,
while for the continuous solvent-free pore-spanning membrane
(Fig. 1B and C) kapp reads (1.0±0.4) · 10−3 Nm−1. To evaluatewhether
bending contributes to the mechanical response of a pore-spanning
membrane upon indentation, kapp for pure bending was calculated
according to Eq. (4) with a typical value for the bending stiffness of
κ = 10−19 J and a pore radius of Rpore = 600 nm resulting in
kapp = 5.6 · 10−5 N m−1. A comparison of the measured values
and the theoretically calculated one taking only bending into account
indicates that bending contributes only to a very minor extend to
the mechanical response of membranes spanning pores withRpore ≥ 600 nm. However, if membranes on 10 times smaller pores
are deformed, kapp reaches a value of 5.6 · 10−3 N m−1 being in the
same regime as the spring constants of AFM cantilevers, which are
generally on the order of 10−2–10−3 N m−1 and thus bending would
become measurable and would eventually dominate over pre-stress
as the main contribution to the mechanical response of pore-spanning
bilayers subjected to indentation.
In conclusion, in the presented experiments the major contribution
of the mechanical response of pore-spanning membranes is pre-stress
as a result of the difference in free energy between the free-standing
bilayer and the supported part, which has a lower free energy. This
has been further corroborated by experiments with different self-
assembled monolayers on the pore rims altering the free energy as
outlined below.
2.3.4. Hybrid pore-spanning membranes
Hybrid pore-spanningmembranes prepared according to the painting
technique on hydrophobic monolayers have been extensively investigat-
ed by force indentation experiments on different pore sizes providing
solid evidence for the assumption that pre-stress is the major source of
the observed mechanical response. The measured σ0-values are in the
range of 10mNm−1 indicating a large pre-stress close to the lysis tension
of the lipid bilayer [59]. Despite this large pre-stress the membranes are
long-term stable but mostly rupture upon an additional area dilatation
ofmore than1%again supporting the picture of a pre-stressedmembrane.
2.3.5. Continuous pore-spanning bilayers
Pore-spanning membrane patches (diameter N 30 μm) produced by
spreading of GUVs on gold and mercaptoethanol functionalized porous
silicon nitride substrates are continuous and the lipids are laterally
mobile across the pore rims with lateral diffusion constants of about
8 μm2 s−1 as proven by ﬂuorescence recovery after photobleaching
experiments [50]. Site-speciﬁc force-indentation experiments demon-
strate that the membranes are mechanically robust even though they
are solvent-free. The mechanical properties can be readily obtained by
AFM force volume imaging as well as indentation experiments. In
contrast to the large pre-stress obtained for hybrid pore-spanning
membranes, σ0 obtained from continuous POPC patches on these
hydrophilic surfaces turned out to be signiﬁcantly smaller. Slightly
dependent on the lipid composition, σ0 was in the range of 1.0–
3.5 mN m−1 [50]. Notably, the lateral tension σ0 reﬂects directly the
adhesion energy of the bilayer per unit area onto the pore rims. We
neither observed a hysteresis between approach and retraction of the
cantilever nor a velocity dependent lateral tension σ0. Therefore we
can safely rule out that friction or viscosity of the bilayer play a decisive
role in these experiments. In general, σ0 is low enough to allow recruit-
ment of excess membrane to ﬂow into the pore upon indentation. This
allows an increase inmembrane area of the pore spanning part upon in-
dentation realized without stretching the bilayer.
From the theoretical considerations and the experimental ﬁndings it
becomes clear that the bendingmodulus of a pore-spanningmembrane
on a pore with Rpore N 100 nm cannot be accessed by indentation exper-
iments due to limited curvature stress exerted by the indenter. Oneway
to obtain bendingmoduli would be to reduce the pore size. Another ap-
proach, however, which is even feasible on large pore-spanning mem-
branes, is to form membrane tethers (nanotubes) upon retraction of
the cantilever during an indentation experiment (Fig. 2A) [60]. Tether
formation can be observed in the retraction curve as a force plateau
(Fig. 2B).
This approach allows to quasi-simultaneously determine σ0 and κ of
a bilayer. The tether force Ftether is related to the product of σ0 and κ
according to [60]:
Ftether ¼ 2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2σ0κ
p
þ 2πηappdx=dt
C
: ð10Þ
Fig. 2.A. Schematic drawing of a force cycle composed of indenting themembranewith the AFM tip upon approach and tether formation upon retraction. B. Force distance curves showing
a linear force response upon indentation of the pore-spanning membrane (green) and formation of a tether upon retraction (blue) giving rise to a constant force plateau (Ftether). The red
solid line shows the determination of kapp and the black solid line Ftether.
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with C = 1.6 and dx/dt the pulling velocity. The feasibility of this
approach has been shown by using pore-spanning membranes com-
posed of POPC. They show a lateral membrane tension of σ0 = 2.4 ±
0.5 mN m−1 and a bending modulus of κ = 0.7 ± 0.2 · 10−19 J [60],
which is in good agreement with literature values ranging between
0.77–1.6 · 10−19 J [22,61].
2.3.6. Intermediates between hybrid and continuous pore-spanning
membranes
The obtained σ0-values dependent on the functionalization of the
pore rims, towhich themembranes are attached to, indicate that the in-
teraction of the lipid bilayer with the pore rim signiﬁcantly inﬂuences
the pre-stress of the pore-spanning membrane. This has been further
veriﬁed bymodulating the surface functionalization stepwise. Different
mixtures of mercaptohexanol and a thiol-bearing cholesterol derivative
O-cholesteryl N-(8′-mercapto-3′,6′-dioxaoctyl)carbamate (CPEO3)
provided self-assembledmonolayers with different compositions as ana-
lyzed by contact angle and polarization modulation infrared reﬂection
absorption spectroscopy (PM-IRRAS) measurements [62]. Site-speciﬁc
force–indentation experiments on pore-spanningmembranes composed
of DPhPC attached to the different self-assembled monolayers reveal a
clear dependence of the amount of CPEO3 in the monolayer on σ0.
While bilayers on puremercaptohexanolmonolayers showed an average
pre-stress of σ0 = 1.4 mN m−1, a mixed monolayer of CPEO3 and
mercaptohexanol obtained from a solution with 9.1 mol% CPEO3, which
translates in roughly 40mol% of CPEO3 on the surface, produces a lateral
tension and press-stress of 5.0 mN m−1 [62].
3. Intermediates of GUVs and pore-spanning membranes —
membrane protrusions
Another interesting model membrane system has been evolved
from pore-spanning membranes, which were prepared on cavities
instead of open pore arrays. These pore-spanning membranes can be
protruded from the surface by adjusting an osmotic gradient across
the membrane leading to curved membranes [63]. The extension in
z-direction of the protrusions can be analytically described by the
Young–Laplace equation giving access to σ0 of the protruded mem-
branes. As the membranes are continuous and recruit additionalmembrane material from the pore rims, they are not stretched upon
z-extension and a constant lateral tension is obtained. Membranes
attached to a silicon/silicon dioxide surface produce a lateralmembrane
tension of 2mNm−1 in agreement with those values found for mem-
branes attached to an OH-terminated self-assembled monolayer
[62]. Thus, this system behaves mechanically quite similar to planar
pore-spanning membranes with the additional feature that the
membranes are slightly curved and encapsulate a femtoliter-sized
aqueous compartment.
4. Native membrane sheets
Even though artiﬁcial membrane systems arewell-deﬁned structures,
the question immediately arises, whether they can provide a full picture
of themechanical properties of a cellularmembrane, i.e. the plasmamem-
brane. To be able to evaluate this, an intermediate between an artiﬁcial
membrane and the entire cell can be generated and analyzed, namely
native cell membranes derived from epithelial cells. Dependent on the
protocol, either apical or basolateral membrane sheets can be deposited
onto porous substrates [64,65]. By a combination of ﬂuorescence micros-
copy (Fig. 3A), AFM imaging (Fig. 3B) and force volume imaging, the het-
erogeneity of these membrane sheets becomes obvious. AFM images of
basolateral cell membrane patches attached to gold-coated porous silicon
substrates reveal an average height of 58 ± 12 nm reﬂecting the plasma
membrane sheet including some of the cytoskeletal network and extra-
cellular matrix [65], while apical membranes of MDCKII cells show pro-
trusions, indicated by the brighter red ﬂuorescence, acting as membrane
reservoirs (Fig. 3A) [66].
As the whole cell body is missing, the observed elastic response upon
indentation arises only from this compositematerial on the pores. In con-
trast to artiﬁcial pore-spanning membranes discussed above, in case of
the composite membrane sheets, nonlinear force–indentation curves
are observed (Fig. 3C). Force–indentation curves were subject to ﬁtting
of Eq. (8). As the area of the membrane is enlarged owing to the protru-
sions (Fig. 3A), a so-called apparent area compressibility modulus fKA re-
places KA in Eq. (8). A large excess of surface area generates a smaller
apparent area compressibility modulus. From the ﬁt a mean tension of
σ0 = (0.16 ± 0.07) mNm−1 and an apparent area compressibility mod-
ulus of fKA = (9 ± 1) mN m−1 representative of a plasma membrane
Fig. 3. A. Fluorescence micrograph of apical membrane sheets labeled with DiI(18) on a porous substrate showing protrusions (arrow). B. AFM height image of an apical membrane sheet
on a porous substrate. C. Force–distance approach curves taken on the rim (blue) or on a pore coveredwith amembrane (black). The red dotted line represents theﬁt according to Eq. (8).
We found a lateral tension of 0.063 ± 0.006 mN/m and an apparent area compressibility modulus of 9.0 ± 0.1 mN/m.
2982 A. Janshoff, C. Steinem / Biochimica et Biophysica Acta 1853 (2015) 2977–2983lacking cytoskeleton ﬁlaments but associated with a lipid reservoir pro-
viding excess membrane area upon stretching the planar fragments, is
obtained.
5. Conclusions
Even though artiﬁcial membranes are more simplistic than a natural
biological membrane, they provide invaluable information about theme-
chanics of membranes and how lipids and proteins alter the mechanical
response. Each system has, of course merits and drawbacks. GUVs give
readily access to bending moduli by means of ﬂicker spectroscopy and
the micropipette aspiration technique, but provide only global (mean)
mechanical parameters. Membranes on solid support allow for a detailed
site-speciﬁc analysis of membrane mechanics such as breakthrough
forces with the drawback of their attachment to a rigid substrate. Pore-
spanning membranes enable one to monitor lateral membrane tension
and bending moduli in a planar chip-based geometry. All these systems
have the potential to be extended for the demands of complex and
physiological situations to model the mechanics of a native biological
membrane.
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